The genomes of homeothermic (warm-blooded) vertebrates are mosaic interspersions of homogeneously GC-rich and GC-poor regions (isochores) . Evolution of genome compartmentalization and GC-rich isochores is hypothesized to reflect either selective advantages of an elevated GC content or chromosome location and mutational pressure associated with the timing of DNA replication in germ cells. To address the present controversy regarding the origins and maintenance of isochores in homeothermic vertebrates, newly obtained as well as published nucleotide sequences of the insulin and insulin-like growth factor (IGF) genes, members of a well-characterized gene family believed to have evolved by repeated duplication and divergence, were utilized to examine the evolution of base composition in nonconstrained (flanking) and weakly constrained (introns and fourfold degenerate sites) regions. A phylogeny derived from amino acid sequences supports a common evolutionary history for the insulin/IGF family genes. In cold-blooded vertebrates, insulin and the IGFs were similar in base composition. In contrast, insulin and IGF-II demonstrate dramatic increases in GC richness in mammals, but no such trend occurred in IGF-I. Base composition of the coding portions of the insulin and IGF genes across vertebrates correlated (r = 0.90) with that of the introns and flanking regions. The GC content of homologous introns differed dramatically between insulin/IGF-II and IGF-I genes in mammals but was similar to the GC level of noncoding regions in neighboring genes. Our findings suggest that the base composition of introns and flanking regions is determined by chromosomal location and the mutational pressure of the isochore in which the sequences are embedded. An elevated GC content at codon third positions in the insulin and the IGF genes may reflect selective constraints on the usage of synonymous codons.
Introduction
Conspicuous differences in the compositional organization of the nuclear genome have been identified between warm-blooded (homeothermic) and coldblooded (poikilothermic) vertebrates. The genomes of homeothermic vertebrates are mosaic interspersions of GC-rich and GC-poor regions (isochores) that are remarkably homogeneous in base composition over very long stretches of DNA (>200 kb) and largely correspond to the differentially staining areas of metaphase chromosomes (Bernardi et al. 1985 (Bernardi et al. , 1988 Holmquist 1987) . In contrast, the genomes of cold-blooded vertebrates are relatively homogeneous in base composition, and GCrich isochores are virtually absent.
The mechanisms by which isochores originated and are maintained in homeothermic vertebrates are poorly understood. A selectionist hypothesis (Bernardi et al. 1985 (Bernardi et al. , 1988 suggests that the GC-rich isochores have evolved by positive Darwinian selection because they may confer thermal stability to proteins and primary mRNA transcripts and may stabilize chromosomal structures through DNA-protein interactions ( Argos et al. 1979) .
The opposing view is that GC-rich isochores arose because of mutational pressure (Filipski 1987; Sueoka 1988 Sueoka ,1992 Wolfe et al. 1989; Holmquist and Filipski 1994) . In particular, the mutationist hypothesis proposed by Wolfe et al. ( 1989) stipulates that isochores arose from mutational biases because of changes in the composition of the nucleotide pool during replication of germ-line DNA. Accordingly, GC-rich isochores occupy replicons that replicate early in the germ-line cell cycle during which time the nucleotide pool is GC rich. Thus, early-replicating regions tend to become GC-rich because they are subject to a GC mutational pressure. Similarly, AT-rich isochores generally replicate late in the cell cycle when the precursor pool has a high AT content.
Distinguishing between the selectionist and mutationist hypotheses is essential for understanding factors 875 876 Ellsworth et al. responsible for the evolution of genome compartmentalization in higher vertebrates and mechanisms of molecular evolution (i.e., whether due to selection or to neutral mutation and random drift). In this study, we utilized the insulin gene family to examine the selectionist/mutationist controversy. Insulin and the insulinlike growth factors (IGFs) are members of an ancient and diverse family of related insulin-like hormones (Blundell and Humbel 1980 ) that also includes vertebrate relaxin and extends to the silkmoth (Bombyx mori)
hormone bombyxin (formerly 4K-prothoracicotrophic hormone) ( Adachi et al. 1989) ) Locusta insulin-related peptide (Lagueux et al. 1990) , and molluscan insulinlike peptide ( Smit et al. 1988) . Insulin regulates normal glucose homeostasis and functions in the uptake of nutrients as well as the synthesis of glycogen, lipids, certain amino acids, and various proteins (Cahill 197 1) . The IGFs are circulating peptide hormones that may act as paracrine /autocrine growth factors in vertebrate growth and development.
Insulin-like growth factor I (IGF-I) stimulates postnatal longitudinal body growth and regulates tissue proliferation by mediating the growth-promoting actions of growth hormone. The in vivo function of insulin-like growth factor II (IGF-II) is not well understood, but it is believed to affect embryonic growth and development (Daughaday and Rotwein 1989; Humbel 1990 ).
Insulin and the IGFs share similarities in primary and tertiary structure as well as biological activity. All three proteins are transcribed as a prepropeptide that contains an amino-terminal signal peptide and three discrete domains (designated B, C, and A). IGF-I and IGF-II have acquired additional D and E domains not present in insulin. Functional IGF molecules are generated by proteolytic cleavage of the 5 ' leader and 3 ' E peptides, whereas mature insulin is produced by cleavage of the signal peptide and removal of the internal C domain (Tager and Steiner 1974) . Thus, the regions of structural homology between mature insulins and IGFs are confined entirely to the B and A domains.
The structural and functional similarities between insulin and the IGFs suggest they are the most closely related genes within the insulin superfamily and have diverged from a common ancestral gene. From amino acid sequence homology and the known distribution of these proteins throughout the animal kingdom, insulin and the IGFs are believed to have originated from an ancestral insulin/IGF-like gene at a very early stage of vertebrate evolution (Chan et al. 1990; Nagamatsu et al. 199 1) . IGF-I and IGF-II may have evolved by duplication and divergence after separation from the protoinsulin / IGF gene.
Insulin and IGF-II are tandemly arrayed in humans and rodents (Bell et al. 1985; Holdener et al. 1993) ; in humans they are located on the short arm of chromosome 11 (1 lp15.5) (Tricoli et al. 1984) . However, IGF-I has been mapped to human chromosome 12 ( 12q22-23) (Brissenden et al. 1984) . Although derived from a common ancestral gene, the base compositions of the insulin and IGF genes differ. The coding regions of insulin and IGF-II are highly GC rich (approximately 65% GC) (Bell et al. 1980; de Pagter-Holthuizen et al. 1986 )) whereas the GC content of IGF-I is lower (55% GC) ( Rotwein et al. 1986 ) . To examine the evolution of base composition among the related (duplicated) insulin and IGF genes and evaluate the mutationist / selectionist controversy regarding the origins and maintenance of isochores, we obtained nucleotide sequences from IGF-I introns and the IGF-II 3' flanking region. These data were combined with published sequences from additional noncoding regions across the insulin and IGF genes to compare the base composition of coding and noncoding regions within each gene and contrast GC levels among noncoding sequences of all genes; examine base composition across the coding regions, introns, and flanking sequences of insulin and the IGFs relative to that of other genes located nearby; analyze the effects of translocation (chromosomal position and regional base composition) on the GC content of the coding and noncoding regions; and study change in base composition of the genes among different vertebrate lineages.
Material and Methods

Bacteriophage
hDNA (Ch4A) containing inserts that encompass either the human IGF-I or IGF-II gene were kindly provided by Dr. Graeme I. Bell (Howard Hughes Medical Institute, University of Chicago). Phage DNA was packaged in vitro using the Gigapack II Plus packaging extract (Stratagene) and used to infect Escherichia coli (LE392 cells; Stratagene). Bacteriophage were isolated from 15-ml LB cultures, and h DNA was purified by PEG precipitation (Sambrook et al. 1989 ). For IGF-I, a 3.5 kb EcoRI fragment containing exon 3 (now exon 4) (Holthuizen et al. 199 1) in the clone hhIGFl-4 (Bell et al. 1985) was subcloned into the EcoRI-digested pGEM-7Zf( + ) plasmid vector ( Promega). A restriction map was generated for the 13.5-kb DNA segment present in hhIGF2-3 (Bell et al. 1985 b From Bell et al. (1980) .
' The H2 relaxin gene (Hudson et al. 1984) . incorporating deoxy-7-deazaguanosine triphosphate (Mizusawa et al. 1986 ) in the sequencing reactions.
The ordered sets of overlapping clones were assemspectively). Insulin and the IGFs exhibit an average of bled in MacVector 3.5 (IBI). The VOSTORG computer 23.1% sequence similarity with human relaxin, which software package (Zharkikh et al. 199 1) was used to indicates that relaxin is distantly related and suitable for were excluded from the base composition determinations.
Evolutionary relationships among the insulin-like family of genes were estimated from amino acid sequences in the B and A domains using the neighborjoining algorithm (Saitou and Nei 1987) . The method calculated a distance matrix with Poisson correction for multiple substitutions to infer a tree that may have the smallest sum of branch lengths and did not assume that Hagfish (Chan et al. 1990) 878 Ellsworth et al. evolutionary relationships for insulin across taxa were consistent with the known phylogeny of the vertebrates. The phylogenetic analysis partitioned IGF-I and IGF-II from higher vertebrates into separate clades, but resolution among taxa was not sufficient to reflect conventional classifications.
The hagfish IGF, which could not be classified as IGF-I or IGF-II by structural similarity (Nagamatsu et al. 199 1 ) , was affiliated with the IGF clade but did not clearly associate with either IGF-I or IGF-II. The amphioxus ILP, containing structural features of both insulin and IGFs ( Chan et al. 1990 )) clustered with the IGFs rather than with the insulins.
Nucleotide Sequences
The 3,498bp sequence obtained from the EcoRI fragment in the hhIGFl-4 clone contained 284 bp from the 3' end of IGF-I intron 3, exon 4 ( 182 bp), intron 4 ( 1,505 bp), exon 5 and flanking untranslated region ( 5 13 bp), and 1 ,O 14 bp immediately following the polyadenylation site (Rotwein et al. 1986 ) of the exon-5-containing (Eb) mRNA (Holthuizen et al. 199 1) . The partial intron 3 sequence was combined and analyzed with 2,08 1 bp from the 5' end of intron 3, which was extracted from GenBank/EMBL.
Intron 4 and the region flanking "cassette" exon 5 were virtually identical in base composition (42.5% GC and 42.4% GC, respectively; table 2).
A restriction map of the 13.5-kb fragment in hhIGF2-3 generated a 1,92 1 -bp SmaI fragment containing the 3' flanking region of IGF-II. The sequence begins at nucleotide 3,748 in de Pagter- , but we sequenced only 1,630 bp 3' of the poly A site (nucleotide 4,038). Base composition of the IGF-II immediate flanking region (62.6% GC; table 2) differed dramatically from the GC content of IGF-I intron 4 and the exon 5 flank as well as the untranslated region beyond exon 6 (34.5% GC) (Steenbergh et al. 199 1) . All sequences were devoid of common dispersed repetitive elements. The sequences obtained in this study have been submitted to the GenBank/EMBL data bank under the accession numbers Ul3800 (IGF-I intron 4), Ul3801 (IGF-I exon 5 flanking region), and U413802 (IGF-II 3' flank). (Grima et al. 1987; Kobayashi et al. 1988; Lucassen et al. 1993) . The H19 gene has been physically mapped to within 200 kb downstream of IGF-II ( Zemel et al. 1992 ) . Base composition is 63.5% GC in the transcribed region (2,3 13 bp) and 66.9% GC in the introns and 5' flanking region ( 1,174 bp) (Brannan et al. 1990 ). Thus, the human TH-insulin-IGF-II linkage group exhibits a uniform GC content over approximately 41.5 kb, and the region of homogeneous base composition likely extends to H19 (250 kb or more).
The human 11 p 15.5 region is largely conserved as a syntenic group in rodents (mouse chromosome 7) (Holdener et al. 1993) . In rodents, IGF-II lies 15-20 kb 3' of insulin (Rotwein and Hall 1990) , and pulsed-field gel electrophoresis has placed H19 to within 100 kb (downstream) from IGF-II (Zemel et al. 1992) . Although base composition of the isochore containing insulin and IGF-II in the rodent lineage differs from that in humans, the GC contents in the introns and flanks of rat insulin (52.8% GC) and IGF-II (5 1.2% GC) (table 3) as well as 5' flanking and intron sequences of rat TH (54.0% GC over 1,606 bp) Lewis et al. 1987 ) and introns of mouse H19 (53.5% GC over 368 bp) (Pachnis et al. 1988) indicate that base composition is homogeneous across the region.
Conversely, IGF-I occupies a region (approximately 73 kb) on human chromosome 12q22-23 that is relatively low in GC content but also appears to be consistent in base composition (table 2) . The GC content in the IGF-I introns averages 41.1% for 5,665 bp and falls to 34.5% in the immediate 3' flanking region. Mapping resolution in this subchromosomal area is not as fine as 1 lp 15.5; therefore, we cannot determine consistency of base composition throughout the region. However, the GC contents of several genes localized to 12q22-23 such as B-cell translocation gene 1 (42.1% GC over 1,267 bp of the untranslated regions) (Rouault et al. 1992 ) and cardiac Ca 2+ -ATPase (47.5% GC over 1,199 bp from introns) (Lytton and MacLennan 1988) are similar to that in the IGF-I gene, which suggests they may occupy a common isochore. ' The insulin gene has only two introns; however, the activation of various promoters in combination with the alternative splicing of numerous untranslated exons and alternative polyadenylation produce a family of mRNA transcripts for the insulin-like growth factors (Sussenbach et al. 1991) . Because of the presence of unique noncoding exons and additional introns in both IGF-I and IGF-II, introns with the same numerical designations (e.g., intron 3) are not homologous across genes. In the table, the introns have been labeled alphabetically to designate evolutionary homology.
b Partial sequence from the approximately 9.0 kb IGF-II intron I (GenBank/EMBL L15440). ' lntron I of preproinsulin is located between exon 1 (noncoding) and exon 2, which contains the signal peptide, the B chain, and a portion of the C peptide (Bell et al. 1980) . Intron 2 of prepro-IGF-I is located between exon 2, which contains one of the two known 5' untranslated regions and a portion of the signal peptide, and exon 3, which encodes some signal peptide sequences and the majority of the B domain. IGF-II intron 6 lies between exon 6 (noncoding) and exon 7, which encodes the signal peptide and the majority of the B domain (Holthuizen et al. 1991) .
d Intron 2 of the insulin gene interrupts the C-peptide of proinsulin, while intron 3 in IGF-I and intron 7 in IGF-II occur within the B chain of the respective proteins. ' IGF-I intron 4 and IGF-II intron 8 interrupt the respective E-peptides. f Exon 5 of IGF-I has been termed a "cassette" exon because it is absent from some IGF-I mRNAs (Ea IGF-I mRNAs) but is present in others (Eb mRNAs). Exons 5 and 6 are incorporated into IGF-I transcripts in a mutually exclusive manner. Thus, the region examined here is equivalent to the 5' portion of the fifth intron of the exond-specific (Ea) form of IGF-I mRNA but also constitutes the 3' flanking region of the exon-5-containing (Eb) transcript (Holthuizen et al. 1991) .
13 Data in Rotwein et al. (1986) for the Ea IGF-I class 2 mRNA transcript that does not contain exons I and 5 (Holthuizen et al. 199 1) .
h From GenBank/EMBL (X03563); 78 1 bp at the 3' end of the approximately 4.8 kb IGF-I intron 2. i Partial sequence from IGF-I intron 3, which is greater than 21 kb, consisting of 2,081 bp at the 5' end from GenBank/EMBL (X03563) and 284 bp at the 3' end from this study. j This study.
' The sequence (generated in this study) begins immediately after the poly A addition site (Rotwein et al. 1986 ) of the exon-5-containing (Eb) species of IGF-I mRNA (Holthuizen et al. 199 I) .
' The IGF-I 3' flanking region contains all sequence beyond the polyadenylation site reported in Rotwein et al. (1986) for the exond-specific (Ea) form of IGF-I mRNA (Holthuizen et al. 199 1) . The entire sequence is transcribed in a less common species of mRNA, derived from alternative polyadenylation, that is 7.6 kb long and contains an unusually long 3' untranslated region of more than 6 kb (Steenbergh et al. 1991) . The p GenBank/EMBL (X03562).
q Insulin and IGF-II are contiguous (Bell et al. 1985) on the short arm of chromosome 11 (11~15.5) (Brissenden et al. 1984; Tricoli et al. 1984) ' The IGF-II 3' flanking region, generated in this study, begins immediately after the polyadenylation site at nucleotide 4038 in de Pagter- .
' Sequences for insulin are from Bell et al. (1980) and GenBank/EMBL (VO0565).
t The 5' flanking region of insulin includes all sequence 5' of the putative transcription start site reported in Bell et al. ( 1980) . 880 Ellsworth et al.
Base Composition of the Insulin Family Genes in Other Vertebrates
The coding regions of the insulin and IGF genes were GC rich in both cold-and warm-blooded vertebrates (table 3) . Among cold-blooded organisms, the GC levels in the coding regions of all genes were very similar (range 52.3%-55.8% GC) despite more varied base composition in the noncoding regions. Insulin and IGF-II were particularly GC rich in mammals, but the GC content of chicken insulin only slightly exceeded that in poikilotherms.
In the rat, as in humans, base composition of the insulin coding region was virtually identical to that of IGF-II. Likewise, the introns of both genes were very similar in CC content to the noncoding portions of neighboring genes. Although base composition of IGF-I was similar to insulin (and IGF-II where sequence was available) in the poikilothermic vertebrates ( salmon and hagfish), IGF-I did not show a substantial increase in GC level in warm-blooded organisms.
In fact, the coding and noncoding regions of chicken IGF-I were lower in GC content than corresponding regions in the coldblooded vertebrates.
For all genes, there was a significant correlation (r = 0.90, P < 0.01) between GC content of the coding regions and that of the introns and flanking sequences ( fig. 2) . 
Discussion
Evolution of the insulin / IGF family is believed to have proceeded through a common ancestral gene by b Ovis aries-IGF-I: 459 bp coding region (Wang et al. 1989) ; partial sequence from introns 1, 2, 3, 4, and 5 (4,551 bp) (Dickson et al. 1991) . IGF-II: 534 bp coding region @'Mahoney and Adams 1989); 668 bp from the 5' (282 bp) and 3' (386 bp) untranslated regions (UTRs) (GenBank/EMBL X55638). ' Rat&s norvegicus-IGF-I: 456 bp coding region; partial sequences from introns I, 2, 3, and 4 (2,182 bp) and 3' flank (306 bp) (Shimatsu and Rotwein 1987) . IGF-II: 537 bp coding region; introns 1, 2, 3, 4, and 5 (5,358 bp) and 5' flank (17,990 bp) excluding B2 type A/u repeat from nt 6,415-6,605 (GenBank/EMBL X 170 12). Insulin II: 327 bp coding region; introns 1 and 2 (6 18 bp) and 5' flank (896 bp) before start of mRNA (GenBank/EMBL 500748) (Lomedico et al. 1979 ). * Gallus domesticus-IGF-I: 456 bp coding region (Kajimoto and Rotwein 1989) ; 62 bp from intron 1, 84 bp from 3' flank beyond the most 3' polyadenylation site, and 632 bp from 5' flank before the putative transcription start site at -4 in Kajimoto and Rotwein (199 1) . Insulin: 3 18 bp coding region; intron 1 (119 bp) and partial sequence from intron 2 (577 bp) (Perler et al. 1980) . 'Oncorhynchus mykiss (rainbow trout)-IGF-I: 525 bp coding region; 239 bp from the 5' (141 bp) and 3' (98 bp) UTRs (Shamblott and Chen 1992) . IGF-II: 639 bp coding region; 503 bp from the 5' (87 bp) and 3' (416 bp) UTRs (GenBank/EMBL M95 184). Oncorhynchus kera (chum salmon)-Insulin: 312 bp coding region; introns 1 and 2 (680 bp) (Koval et al. 1989) .
' Myxine glutinosu-IGF: 4 17 bp coding region; I62 bp from the 3' UTR. The hagfish IGF appears equally related to human IGF-I and IGF-II based on amino acid homology in the B and A domains. However, the long signal peptide and pattern of tissue expression may indicate that hagfish IGF is functionally more closely related to IGF-I (Nagamatsu et al. 199 1) or that the ancestral IGF gene exhibited properties more similar to IGF-I. Insulin: 342 bp coding region; 5 18 bp from the 3' UTR (Chan et al. 198 I) .
Insulin Gene Family CC Content Evolution 88 1 repeated duplication and divergence ( Rutter 199 1) . Accordingly, relaxin and a proto-insulin / IGF-like molecule diverged prior to the origin of contemporary insulin and IGFs. Subsequently, IGF-I and IGF-II emerged from an ancestral IGF gene by duplication and divergence after separation from protoinsulin/IGF.
The presence of an insulin / IGF-like molecule in protochordates (amphioxus) (Chan et al. 1990 ) indicates a common ancestry for insulin and the IGFs and a preproIGF gene observed in the Atlantic hagfish (Nagamatsu et al. 199 1) suggests that divergence of the ancestral IGF and insulin genes antedates the jawless vertebrates (approximately 550 million years ago).
The structural and functional similarities among insulin and the IGFs as well as the phylogeny in figure 1 provide strong support that these genes share a common evolutionary history. It logically follows that the duplicated genes (particularly IGF-I and IGF-II, which are the most recently duplicated)
were very similar in base composition immediately following the duplication events. We hypothesize that the insulin/IGF-II linkage observed in humans and rodents represents an ancestral association, but through the course of evolution, the insulin / IGF-II cluster and IGF-I separated from each other and now occupy different genomic regions in various taxa. The base compositions of insulin and IGF-II differ substantially from that of IGF-I in all homeotherms, and the relative difference is accentuated in mammals. The differences and similarities in GC content among the insulin family genes may be attributable to natural selection or mutational pressure. Under the selectionist hypothesis, GC-rich isochores arose in warm-blooded organisms because GC richness is selectively advantageous.
However, there are several difficulties with the selectionist view. First, selection cannot account for the differences in GC content among the insulin and IGF genes. The noncoding regions of IGF-II and insulin differ dramatically in base composition from those of IGF-I, despite the evolutionary relationship among the genes and their similar biological functions. If the sharp increase in GC content in insulin and IGF-II in mammals is attributable to selection, we anticipate that selection would also favor an increase in GC content in the noncoding regions of IGF-I. Second, contrary to the selectionist expectation, the GC level of the insulin gene introns in the chicken (warm-blooded) is only slightly higher than that in the introns of salmon (cold-blooded) and is much less than that in the corresponding sequences of mammals. Third, three classes of GC-rich isochores (4576, 49%, and 53% GC) have been characterized in the human genome (Bernardi et al. 1985) . To explain differences in GC content among the isochores, a selectionist model must assume that a unique optimal GC content exists for each region and that different GC levels are due to different selective advantages. In contrast to selection, the mutationist hypothesis predicts that the base composition of untranscribed flanking regions and introns is determined by chromosomal location and the mutational pressure of the isochore (Wolfe et al. 1989) . If a gene is translocated to a chromosomal area that differs dramatically in base composition from the original region, given sufficient time the GC content of the noncoding regions should approximate that of the isochore in which the gene now resides.
The base composition of the insulin and IGF genes differed both between genes (except in mammals in which insulin and IGF-II remain linked) and among taxa. Most notable was the sharp increase in GC richness of insulin and IGF-II in mammals relative to the poikilothermic vertebrates and the absence of a similar trend for IGF-I. In fact, base composition of IGF-I was relatively constant across all vertebrates. Most importantly, introns that are homologous across genes exhibit an elevated GC level in insulin and IGF-II but are substantially lower in GC content in IGF-I.
Throughout the human genome, physically linked genes (within 500 kb) possess similar GC levels (Ikemura et al. 1990 ). Likewise, the introns and flanking sequences of the insulin/IGF-II cluster and IGF-I exhibit GC contents that are equivalent to the base composition of noncoding regions in nearby genes. By inferring that noncoding sequences of neighboring genes reflect the "native" base composition of a region, it is evident that the introns and flanking regions of insulin/ IGF-II and IGF-I in humans and rodents have acquired the respective GC contents of the isochores in which the genes are embedded.
Given the similar biological functions of these genes and high conservation of amino acid sequences, we believe that a selective advantage for differences in GC content at the nucleotide level for noncoding regions is unlikely. Rather, the above observations may best be explained by chromosomal location and mutational pressure. The mutationist hypothesis predicts that GC content in untranscribed flanking regions (excluding promoter and regulatory regions) will reflect the mutational pressure of the isochore. The GC level in weakly constrained sequences such as introns and fourfold degenerate sites of protein coding genes is also expected to be similar to that of the flanking regions. For the insulin family, the introns are equivalent in GC content to the regions harboring the genes, but fourfold degenerate sites
